Plasma detachment in tokamak divertors reduces the particle and power fluxes to the plasma facing components and is essential for successful operation of ITER. The linear plasma generator Pilot-PSI can produce a high density ( ∼10 21 m −3 ), low temperature ( ∼1 eV) plasma which is similar to that expected at the ITER divertor strike-points during the partially detached regime [1] . Given the simple geometry of the device, Pilot-PSI allows to diagnose the plasma beam at multiple axial positions. In this study, the incoherent Thomson scattering (TS) diagnostic [2] is exploited to measure the radial plasma T e and n e profiles at two locations of the hydrogen plasma beam: near the plasma source (upstream) and 2 cm from the target plate. At the target, the TS measurements are supported by an embedded Langmuir probe. These measurements prove the existence of parallel plasma pressure loss as well as particle loss, confirming that physical processes believed to cause detachment in tokamak divertors also hold in Pilot-PSI (ionneutral friction, volume recombination). It is found that the fractional reduction of the plasma pressure varies between ∼4 and ∼50 0 0, depending strongly on the pressure of the background neutrals. The importance of individual loss channels is discussed.
Introduction
In ITER, during D-T operation at Q = 10, the steady state power crossing the last closed flux surface (LCFS) and entering the scrapeoff layer (SOL) is expected to be about ∼100 MW [1] . From multimachine scaling laws and also theoretical considerations the characteristic power scrape-off length in the inter-ELM phase is expected to be λ q < 5 mm [3] . This leads to a total plasma wetted area which, accounting for flux expansion and target inclination, is estimated to be around ∼2.3 m 2 . This would result in a power loading of ∼40 MW/m 2 of the divertor targets which is above the technological limit of 10 MW/m 2 of steady state power loading for the plasma facing components (PFCs) [1] . Therefore at least 2/3 of the power has to be dissipated in the SOL before reaching the target. This can be achieved with divertor detachment, a regime in which a large fraction of the power is transferred to and subse-quently radiated away by a blanket of neutrals formed in front of the targets.
Detachment is routinely achieved on many divertor tokamaks and its onset is manifested by parallel-to-B plasma pressure gradients in the SOL and a rollover of target ion flux density with increasing core density during density ramp-up discharges [4] . It is generally very difficult to diagnose the divertor region with spatially resolved measurements. To our knowledge, divertor Thomson scattering systems have been installed solely at ASDEX-U [5] and DIII-D [6] . The complicated diagnostic access to divertor plasmas in tokamaks motivates to study the effect in linear plasma devices. The Pilot-PSI linear plasma generator offers a high density ( n e ∼ 10 21 m −3 ) and low temperature ( T e ∼ 1 eV) plasma whose parameters are similar to those expected during partially detached ITER divertor operation [7] .
Experimental setup
Pilot-PSI [8] is a linear device using a high pressure cascaded arc discharge source [9] . Fig. 1 gives a schematic overview of the device. A cylindrical r -ϕ-z coordinate system is used, where the z-coordinate is aligned with the magnetic field and is the axis of symmetry of the plasma beam and z = 0 is situated at the exit of the source discharge channel. The cascaded arc operates in steady state and the discharge channel is fed by a constant gas flow rate typically in the range of 1.5-3.0 standard liters per minute (slm), resulting in a discharge channel pressure in the range 10 3 −10 4 Pa. The plasma exhausts into the vacuum vessel and is confined by an axial magnetic field that can be varied in discrete steps between 0.2 T and 1.6 T. Ionization fractions close to the source are between 5% and 10%. Typical discharge currents are 100-220 A. The pressure in the vessel is determined by the pumping and the inflow of the residual neutrals from the source and is typically of the order of several Pa. The plasma beam is terminated at axial position z = 56 cm by a solid, actively cooled target.
The key diagnostic was Thomson scattering which was performed at two axial locations (at z = 4 cm and z = 54 cm, referred to as "upstream" and "target" locations, respectively) and is particularly suited to measure low temperature plasmas in the range 0.07 eV-5.0 eV [2] . A single Langmuir probe was embedded in the target with a collecting area perpendicular to the magnetic field lines. The collector was a circular copper surface of 2 mm in diameter while the rest of the target area was covered by a boronnitride (BN) coating. The pressure at the gas inlet to the source and the background neutral pressure, which we will denote P n , were measured by a strain gauge and a capacitance manometer, respectively. The pumping speed was regulated in order to control P n . Investigating the effect of P n on the Pilot-PSI plasma beam was the main focus of this experiment and was performed for a B-field of 0.2T and several values of input powers and source gas flow settings. Table 1 gives the shot numbers and the corresponding machine settings used in the experiment.
Results & discussion
For the low field ( B = 0.2T) setting, P n scans were performed by changing the pumping speed for two values of gas flow and discharge current settings ( Table 1 ). The range of achieved P n varies from 2.4 Pa to 12.6 Pa.
Effect of P n on source operation
It is important to show that changes in P n do not affect operation of the source. In Fig. 2 the dependence of the discharge channel pressure and the arc input power is plotted against the neutral pressure P n in the vessel (the arc is current-regulated). There is no significant dependence of neither of the quantities on P n in Table 1 List of shots with the corresponding machine settings. I dis is the source discharge current, Q v is the gas inflow to the source, "Pumping" corresponds to the rotational speed of the Roots pump. The label "SP" corresponds to the case when a second, identical Roots pump was switched on to further reduce the neutral background pressure P n . the given range of 2.4-12.6 Pa. On the other hand P n strongly depends on the inlet gas flow Q v and the discharge current I dis . We conclude in this section that by changing P n we do not change the conditions under which the cascaded arc discharge operates.
Effect of P n on upstream plasma
Fig . 3 shows radial plasma profiles for the case I dis = 220A and Q V = 2.5 slm ( Table 1 ) for the lowest and highest case of P n , 3.2 Pa and 12.6 Pa, respectively. As can be seen from Fig. 3 , at the upstream location, an increase in P n leads to the decrease of T e but at the same time also to an increase of n e . On the other hand, we observe that the electron static pressure is approximately conserved. This indicates that no energy is lost due to changes in P n at this location of the plasma beam. It is proposed that the electrons are cooled due to ionization of a significantly larger amount of neutrals that are present inside (or within) and in the vicinity of the plasma beam. Conversely, this additional ionization causes the observed increase in n e . This behavior is analogous also for other cases of I dis and Q v .
The plasma static pressure was calculated assuming quasineutrality ( n e = n i ) and equipartition ( T e = T i ) which holds given the low temperature, high density plasmas in the experiment. Additionally, recent measurements using a collective Thomson scattering (CTS) diagnostic at Pilot-PSI [10] have confirmed T e = T i at z = 4 cm. It is also important to justify neglecting the dynamic pressure component in this comparison. It is known from earlier work using spectroscopic measurements [7, 11] that the plasma flow velocity at z = 4 cm is between 2 km/s and 5 km/s for a broad range of machine settings in terms of B, I dis and Q V . Knowing the plasma static pressure p stat , the total plasma pressure p tot can be calculated in as p tot = p stat ( 1 + M 2 ) , where M is the Mach number. The bracket on the RHS is a factor representing the contribution of the dynamic pressure. If we assume that the axial flow velocity in our experiment did not exceed 5 km/s, the increase of the total pressure at z = 4 cm associated with the dynamic component would not exceed ∼5% (center of the beam) and ∼12% (edge of the beam) of the static plasma pressure for the high P n case. This is about the same order as the uncertainty associated with the reproducibility of the shots and therefore we choose to neglect the dynamic component in the upstream (z = 4 cm) location, p u,tot ≈ p u,stat . For the lower P n cases, the same consideration leads to even smaller differences in p u,tot and p u,stat .
In this section it is concluded that the upstream pressure stays reasonably constant over the range of background pressures achieved during the experiment. This is important since our aim is to quantify how the neutral pressure affects the reduction of plasma pressure from upstream location to target location. Fig. 4 compares upstream to target plasma parameters for the same low and high P n cases as in the previous section. It can be seen that there is a significant T e drop from upstream to target for both P n cases. While at the upstream position, T e ∼ 3 eV, at the target this is reduced to T e ∼ 0.2-0.3 eV At such low temperatures below 1 eV volume recombination processes are expected to be important [12] . As for n e , for the low pressure ( P n = 3.2 Pa) case it is reduced from ∼ 2 × 10 20 m −3 to ∼ 8 × 10 19 m −3 while for the high pressure ( P n = 12.6 Pa) case the target density is reduced to 2 × 10 18 m −3 . Such a strong drop cannot be explained by Bohm-like acceleration of the plasma flow velocity towards the neutralizing target plate since the target T e is comparable in both P n cases, implying comparable sound speed c s . Again, the T e = T i . assumption was used here, since T i was not measured at the target. In order to explain the strong reduction of density by the Bohm mechanism, T i at the target would have to be much higher than at the source (z = 4 cm) which is unrealistic.
Effect of P n on target plasma

Comparison of TS and LP measurements
In order to confirm the extremely low densities measured at the target by TS they are compared to the ion flux measurements from the embedded target Langmuir probe (LP). The ion branch of the LP I-V characteristic yields the ion saturation current which was calculated by fitting the ion branch of the probe IV-characteristic by a first order polynomial and subsequently extrapolating its value at the floating potential V f . I sat can be directly related to the incoming ion flux density to the probe, LP = I sat / A , where I sat is the probe ion saturation current and A = π r 2 is the probe area and r = 1 mm is the probe radius.Next, the ion flux density to the target was computed from the measured profiles assuming Bohm sheath edge conditions,
k ( T e (r) + T i (r) ) / m i , where k is the Boltzmann constant and m i is the hydrogen ion mass (all SI units). The obtained radial profile of the ion flux density can be fitted by
a Gaussian function of the form ( r ) = max exp(-( r / λ ) 2 ), where max is the peak flux density and λ is the characteristic profile width, both obtained from the fitting procedure. The ion flux density averaged over a hypothetical probe s urface at the TS position can then be evaluated as the following surface average:
Based on mechanical tolerances and precision of alignment, we assume that the center of the probe was aligned with the center of the plasma beam with a precision of 1.5 mm. Given the typical characteristic profile widths λ are in all cases > 10 mm, the uncertainty in < TS > related to this potential misalignment is lower than the uncertainty of the n e and T e measurements themselves (the propagation of uncertainty for the derived quantity ( r ) is included via the variance formula). Fig. 5 (a) shows an absolute comparison of TS and LP as a function of P n while Fig. 5 (b) compares TS and LP directly for different arc discharge conditions given in Table 1 . An exponential reduction of the ion flux density with P n is found. It can be seen that the flux densities measured by the two diagnostics show agreement within 30%, with regard to the fact that measurements were performed 2 cm from each other and to the uncertainty associated especially with the analysis of the Langmuir probe IV characteristic.
In this section, the extreme rarefaction of the target plasma spanning three orders of magnitude, already indicated in Section 3.4 , is confirmed by comparing two independent diagnostics.
Plasma pressure loss
Plasma detachment in tokamaks is manifested by breaching of the plasma pressure balance on the open magnetic flux surfaces of the SOL [4] . These pressure gradients appear when the target Table 1 . In 4(a), the 120A case is omitted in order to maintain clarity of the figure, nevertheless showing the same trend. In 4(b), the solid line indicates equality while the dashed lines represent 30% deviation from equality.
T e is low enough for momentum-removal processes to start occurring, typically for T e < 10 eV [13] . From Sections 3.2 -3.4 it can be seen that the plasma produced by Pilot-PSI is about 3.5 eV or lower (depending on source settings), falling off strongly towards the target. In this section, the upstream pressure is compared to the target pressure via the introduction of a pressure loss factor, defined by f loss = p u / p t where p u and p t are the target upstream and target total plasma pressures (static + dynamic), respectively. Such ratios, or their inverse equivalents, are commonly introduced in two-point models of tokamak SOLs, e.g. [14, 15] . The f loss was estimated in the following way. First, we have made the same ansatz as in Section 3.5 and fitted the pressure profiles by Gaussian curves of the form p ( r ) = p max exp(-( r / λ p ) 2 ), similarly as the flux profiles. Then, f loss is determined in two ways: (1) dividing the peak plasma pressures of upstream and target profiles (corresponding to the center of the profile, r = 0) and (2) dividing the mean plasma pressure of upstream and target profiles. We will label these loss factors f loss,max and f loss,mean , respectively. Fig. 6 (a) summarizes the results by plotting f loss,max and f loss,mean as a function of P n and the central T e at the target. Similarly to the flux re- Fig. 6 . Pressure loss factor calculated from mean plasma pressure (dotted curves) and peak values (dashed curves) as a function of P n (a) and the target temperature (b) for the different discharge conditions. duction from Section 3.5 , the reduction of pressure is strongly nonlinear. For the lowest case of P n , f loss,mean ∼ 4 while for the highest P n , f loss,mean ∼ 10 0 0. Globally, the pressure loss factor increases exponentially in the P n range between 2 and 6 Pa and for higher values shows a trend to saturate, for each discharge condition. Moreover, f loss,max is always higher than f loss,mean .
It is important to restate that the calculations of the loss factors assume T e = T i . If this is valid, the principal source of uncertainty in the estimation of f loss originates in the determination of the total plasma pressure using expression (1) . For the upstream location, the dynamic pressure contribution is neglected, (1 + M 2 ) ≈ 1. This is discussed and justified in Section 3.2 . As a result, the p u is slightly underestimated. At the target, the Bohm sheath edge condition is used, M = 1. However, in reality, target TS measurements were performed ∼2 cm in front of the surface, still far from the sheath edge, meaning that M < 1. The M = 1 assumption was used in order to provide an upper bound for p t . Thus, p t used for calculation of f loss is overestimated, at most by a factor of 2. Both uncertainties are marginal compared to the order-of-magnitude differences between p u and p t and in fact, both of them go in the direction making f loss even higher. If the assumption of equipartition stated above is not valid and T i = αT e at the target, p t would be by a factor α/2 + 1 higher. This would impact f loss by reducing it by the same factor.
The measurements clearly demonstrate that the f loss is determined by the P n in the vessel, indicating the importance of plasma-neutral interaction processes (including interactions with H 2 molecules). However, it is important to point out again that the build-up of P n in the vessel is not determined by the recycling and recombining neutrals, as in a tokamak, but by the influx of residual neutrals from the source, as discussed in Section 2 , making direct extrapolation of the results to tokamaks extremely challenging. On the other hand, this enables to decouple P n from the target flux , while in tokamaks these two quantities are interlinked in a nontrivial way.
Based on the existing literature on low temperature plasmas in tokamak divertors and linear devices, the main relevant plasma momentum loss processes considered responsible for the observed f loss under the present experimental conditions are suspected to be (1) ion-neutral friction, which is mediated by the resonant charge-exchange (CX) process and elastic i-n collisions, both active in plasmas with T e < 5 eV [14] (2) electron-ion recombination (EIR), comprising three-body and radiative recombination, shown to be occurring in detached divertors of C-mod, JET and AUG at T e ∼ 1 eV [12, 16, 17] and (3) molecule-assisted/activated recombination (MAR), first identified in a fusion relevant environment at NAGDIS-II [18] . The latter is strongly dependent on the presence of rotationally and vibrationally excited molecules. The presence of such molecules was shown via Fulcher-band spectroscopy in Pilot-PSI [19] . Moreover, for a cascaded arc source similar to Pilot-PSI, it has been shown that the population of high-n excited states of hydrogen cannot be explained by EIR alone, suggesting MAR as a possible population process [20] .
A future path to follow in order to provide even more detailed data would be to exploit the Magnum-PSI linear plasma generator which will enable to move the plasma source in the axial direction, thus enabling axial measurements and reconstruction of 2-D maps of the plasma T e and n e . Moreover, it will be equipped with a collective Thomson scattering (CTS) diagnostic system to measure ion temperatures and flow velocities.
Conclusions
A set of measurements with Thomson scattering (TS) at two axial locations and a single Langmuir probe (LP) embedded in the target were performed at the Pilot-PSI linear device, mainly focusing on the influence of the background neutral pressure P n in the vessel. T e drops, typically from 3 eV to 0.1 eV were observed from upstream to target location, indicating the importance of both momentum loss processes and volume recombination. Moreover, extreme rarefaction of the plasma beam was found from source to target location in terms of reduction of the ion flux density and the plasma pressure. These quantities were determined using a target embedded LP and incoherent TS, respectively. By varying P n from 2.4 Pa to only 12.6 Pa, the loss of plasma pressure changes approximately exponentially, from ∼ 5 up to ∼ 50 0 0. The comparison of the target TS measurements and the LP show reasonable agreement, taking into account the fact that the measurements are situated 2 cm from each other.
Lastly, the results show that the performance of cascaded arc linear devices in terms of ability to deliver high plasma fluxes to a target can be significantly improved by marginal reduction of the background pressure (i.e. by applying additional pumping).
